ME 350 Air Conditioning Experiment by Baida, Joshua et al.
   
 
0 
 
 
 
ME 350 Air Conditioning Experiment 
 
Joshua Baida  
Ellie Hallner 
Tyler Eschenbach  
 
 
 
 
Client: 
Dr. Steffen Peuker 
 
 CPACexp@gmail.com  
jbaida@calpoly.edu  ellie@hallner.com tjeschen@calpoly.edu 
 
 
June 4, 2016 
 
 
 
1 
 
 
Table of Contents 
ABSTRACT ................................................................................................................................................................................. i 
1. INTRODUCTION ............................................................................................................................................................ 1 
2.  BACKGROUND ............................................................................................................................................................ 1 
2.1 VAPOR COMPRESSION PROCESS ................................................................................. 1 
2.2 EXISTING EXPERIMENTS .............................................................................................. 3 
2.3 METHOD OF METROLOGY ........................................................................................... 4 
3. OBJECTIVES..................................................................................................................................................................... 5 
3.1 WEIGHT........................................................................................................................... 6 
3.2 PROJECT COST ............................................................................................................... 6 
3.3 SIZE OF UNIT .................................................................................................................. 6 
3.4 AIR COOLING RATE ....................................................................................................... 7 
3.5 HEAT LOAD ..................................................................................................................... 7 
3.6 EXPERIMENT RUNS AS EXPECTED .............................................................................. 7 
4. COMPONENT SELECTION .................................................................................................................................. 7 
4.1 AIR CONDITIONING UNIT SELECTION ........................................................................ 8 
4.2 HEAT LOAD DESIGN ...................................................................................................... 8 
4.3 OVERALL PIPING LAYOUT ........................................................................................... 9 
4.4 THROTTLING VALVE TYPE .........................................................................................10 
4.5 FLOWMETER .................................................................................................................10 
4.6 FRAME DESIGN .............................................................................................................11 
4.6.1 PVC vs. Acrylic vs. Steel Panels ...................................................................................11 
4.6.2 Support for Evaporator and Condenser .......................................................................11 
4.7 CAL POLY “FLAIR” .......................................................................................................12 
5. PROTOTYPING ............................................................................................................................................................ 12 
5.1 BOARD LAYOUT ............................................................................................................12 
5.2 FRAME SIZE VERIFICATION .......................................................................................14 
6. FINAL DESIGN ........................................................................................................................................................... 15 
6.1 AIR CONDITIONING UNIT SELECTION .......................................................................17 
6.2 DUCTING DESIGN ..........................................................................................................17 
6.3 OVERALL PIPING LAYOUT ..........................................................................................20 
6.4 THROTTLING VALVE TYPE .........................................................................................22 
6.5 FLOWMETER .................................................................................................................23 
6.6 FRAME DESIGN .............................................................................................................24 
6.6.1 Frame Analysis ...........................................................................................................27 
6.6.2 Support for Condenser and Evaporator .......................................................................28 
6.7 ELECTRICAL DESIGN ...................................................................................................28 
6.8 TEMPERATURE MEASUREMENTS ..............................................................................30 
6.9 COST ANALYSIS ...............................................................................................................30 
6.10 MAINTENCE AND REPAIR CONSIDERATIONS ...............................................................30 
7. DESIGN VERIFICATION PLAN ................................................................................................................................... 31 
8. MANUFACTURING PLAN ............................................................................................................................................. 32 
8.1 ASSEMBLY OF THE FRAME ..............................................................................................32 
8.2 ARRANGING OF THE PLUMBING .....................................................................................33 
8.3 ELECTRICAL COMPONENTS ............................................................................................33 
9. PRODUCT REALIZATION AND MANUFACTURING ........................................................................................ 33 
9.1 T-SLOT ............................................................................................................................33 
 
 
2 
 
 
9.2 PIPING LAYOUT ..............................................................................................................35 
9.3 ELECTRICAL ....................................................................................................................37 
9.4 METROLOGY ...................................................................................................................38 
10. RESULTS OF EXPERIMENT ..................................................................................................................................... 40 
11. CHALLENGES AND LESSONS LEARNED ............................................................................................................ 42 
12.     CONCLUSION .......................................................................................................................................................... 43 
Bibliography ............................................................................................................................................................................ 44 
List of Appendices ................................................................................................................................................................. 46 
Appendix A .............................................................................................................................................................................. 47 
Appendix B ............................................................................................................................................................................. 48 
Appendix C .............................................................................................................................................................................. 49 
Appendix D ............................................................................................................................................................................. 50 
Appendix E .............................................................................................................................................................................. 51 
Appendix F .............................................................................................................................................................................. 53 
Appendix G ............................................................................................................................................................................. 55 
Appendix H ............................................................................................................................................................................. 57 
Appendix I ............................................................................................................................................................................... 59 
Appendix J ............................................................................................................................................................................ 108 
Appendix K .......................................................................................................................................................................... 111 
Appendix L ........................................................................................................................................................................... 112 
 
  
 
 
3 
 
 
Table of Tables 
Table 1: Formal Engineering Specifications Table ........................................................................ 6 
Table 2: Modified Decision Matrix for Heat Load Type ................................................................. 9 
Table 3: Modified decision matrix for valve type selection ...........................................................10 
Table 4: Modified decision matrix for selection of flowmeter .......................................................11 
Table 5: Design variable selections for preliminary design ..........................................................15 
Table 6: Compressor operating temperature at maximized test conditions (GMCC) ......................21 
Table 7: Design Verification Process and Tests to be conducted ...................................................32 
Table 8: Data Values associated with Figure 40, EES simulation ..................................................41 
 
 
  
 
 
4 
 
 
Table of Figures 
 
Figure 1: Air Conditioning Schematic (Moran, 2011) .................................................................... 2 
Figure 2: Graph of Temperature vs. Entropy for an Air Conditioning System (Wikipedia) .............. 2 
Figure 3: A model setup for the thermocouple grid for evaporator inlet (Sensors) ......................... 5 
Figure 4: Air conditioning thermodynamic cycle (Saylor Academy) .............................................. 9 
Figure 5: Front of the prototype of the board. .............................................................................13 
Figure 6: Back of the prototype of the board. ..............................................................................14 
Figure 7: Prototyping verification of size of the frame. ................................................................15 
Figure 8: FRIGIDAIRE 5000 BTU/hr Room Air Conditioner .........................................................17 
Figure 9: Aluminum Ducting (Home Depot) ................................................................................17 
Figure 10: Inline Air Duct Fan (Home Depot) ..............................................................................18 
Figure 11: Supports for the Inline Air Duct Fan and Flexible Ducting ...........................................19 
Figure 12: Supports for Ducting Shown Alone ............................................................................19 
Figure 13: Supports for Inline Fan Shown Alone .........................................................................20 
Figure 14: Approximate layout of experimental board ................................................................20 
Figure 15: SolidWorks Model of Piping Layout ...........................................................................22 
Figure 16: Parker Brass Needle Valve V4 Series ¼” (Parker) .......................................................23 
Figure 17: Hedland fluid rotameter (Hedland Co.) ......................................................................23 
Figure 18: Main Assembly Solidworks Drawing ..........................................................................24 
Figure 19: Solidworks model of the frame design (front view) ....................................................25 
Figure 20: Backside view of Solidworks frame rendering ............................................................25 
Figure 21: The triangle support prevents tipping in both directions and adds weight support ......26 
Figure 22: The handles allow for easy install and removal of modular panels ...............................26 
Figure 23: The L brackets slot into the T-slot aluminum uniformly ..............................................26 
Figure 24: An example of a modular panel with corresponding AC component ............................27 
Figure 25: Modified electrical schematic with safety features and metering devices embedded ....28 
Figure 26: Electrical component placement ................................................................................29 
Figure 27: Emergency stop switch .............................................................................................29 
Figure 28: High pressure cut-out switch .....................................................................................29 
Figure 29: Voltmeter/Ammeter to measure compressor power draw ..........................................30 
Figure 30: Assembled T-Slot Frame ...........................................................................................34 
Figure 31: Hybrid prototype assembly of PVC and OSB paneling (left) and compressor mount 
design (right) .............................................................................................................................34 
Figure 32: Milling setup and fixture for panel cutouts .................................................................35 
Figure 33: Updated piping layout render adjusted for brazed piping ...........................................36 
Figure 34: Electrical diagram of system ......................................................................................37 
Figure 35: Junction box used for isolating high amperage wiring .................................................38 
Figure 36: Intermediate method of propping electrical enclosure during assembly ......................38 
Figure 37 - Simplified schematic of thermocouple grid inside the ducting.  There are 4 located at 
the intersections of the fishing line. .............................................................................................39 
Figure 38 – Outside feeding of the thermocouple wires to the measurement instrumentation. ......39 
 
 
5 
 
 
Figure 39: The flowmeter (left) shown right gages flowrate of the R410a in its gaseous state.  The 
pressure gauge (middle) reads the pressure in psi as well as the corresponding temperature and 
the type T thermocouple probe (right) is inserted midstream of the re .........................................40 
Figure 40: Figure of P-h diagram of EES simulation to compare the original air conditioning cycle to 
our data. ....................................................................................................................................41 
Figure 41: Finished experiment module complete with decal labeling, descriptive plaque, and 
convenient dry-erase compatible diagrams .................................................................................43 
   
 
i 
 
ABSTRACT 
In keeping with Cal Poly's focus on physically applying the concepts learned in the classroom, our 
team of engineering students has compiled a laboratory experiment displaying the basic 
thermodynamic cycle found in air conditioning systems.  This vapor compression cycle is displayed 
on a visualization board that features all four major components of the system: the compressor, the 
evaporator, the condenser, and the throttling valve.  Students will take measurements of 
temperature and pressure at each stage in the cycle and also gauge the power draw from the 
compressor to gain an understanding of how performance and electricity cost come into play for 
these devices. Students will also modify key cycle parameters in order to grasp the effects of 
pressure and temperature values on system capability.
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     1. INTRODUCTION 
Air conditioning was a revolutionary concept developed in the 20th century that allowed for broad based 
cultural development in unfavorably warm environments like the desert.  Today, it has become a 
commonplace comfort utility in homes, automobiles, and industrial applications.  As part of the new 
curriculum to the Cal Poly Heat Transfer class, an experiment conveying the principles of vapor 
compression air conditioning is needed for students to tangibly grasp each part that drives the A/C 
process.  Professor Steffen Peuker, PhD of the Mechanical Engineering department has come to our 
senior project team to devise this experiment for future students to partake in.  Our team consists of Ellie 
Hallner, Tyler Eschenbach, and Josh Baida. Ellie is a fourth year mechanical engineering student who has 
experience with lean manufacturing and mechanical design. Tyler Eschenbach is a fourth year mechanical 
engineering student with experience in experimental design, petroleum engineering, and an emphasis in 
manufacturing. Josh Baida is also a fourth year mechanical engineering student with experience in 
general mechanical design and operating on military related technologies such as advanced surveying 
equipment.  Together, our three project students comprise the AirCon-3 senior project team. Regarding 
desired outcomes for our team, students who participate in the AirCon-3 vapor compression experiment 
should be able to comprehend what components comprise air conditioning and analyze particular testing 
characteristics including flow rates, pressure and temperature measurements, and coefficient of 
performance (COP).  Students will also understand the extent of power that air conditioning systems 
consume to become aware of their proportional use of electricity in households, industry, and in general. 
Having addressed all inconsistencies and with the guidance of our client, Dr. Peuker, this report 
contains the Final Design Report. We will be discussing the design process, the final design decided 
upon, as well as all selected components, calculations, prices, and all relevant information for one to 
recreate our design.  
   2.  BACKGROUND 
Basic standards of vapor compression cycles (ASHRAE 2010) will be applied in concurrence with 
rudimentary thermodynamic principles learned from Thermodynamics courses, as well as heat transfer 
concepts. The purpose of the laboratory experiment is to expose heat transfer students to the effects of the 
“black box” elements in a vapor compression cycle and how varying simple parameters can affect the 
performance of each component, and the coefficient of performance of the system as a whole. 
 
2.1 VAPOR COMPRESSION PROCESS 
A vapor compression process involves a compressor, an evaporator, a condenser and an expansion valve. 
The goal of which is to absorb heat from an area of interest (to provide cooling) and then to dump this 
heat to an area that is not necessarily of interest. Both air conditioners and refrigerators are examples of 
this. A refrigerator removes heat from the inside of its doors to keep the food inside cold, while releasing 
heat to the room surroundings. A simplified schematic of this process can be found in Figure 1. An air 
conditioning cycle uses refrigerant as its medium because it has favorable thermodynamic properties to 
provide cooling with minimal work energy input. Refrigerant is a man-made substance created for air 
conditioning. 
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Figure 1: Air Conditioning Schematic (Moran, 2011) 
This same system plotted on a graph of temperature vs. entropy is shown in Figure 2. The cycle moves 
from points 1 to 5 in Figure 2 in the same manner as Figure 1. The best way to understand this cycle is to 
look at the two figures as if they were one.  
 
 
Figure 2: Graph of Temperature vs. Entropy for an Air Conditioning System (Wikipedia) 
The compressor absorbs work energy from an electricity source (ẆC), such as a wall plug, which is the 
pure compression from state 1 to 2 in Figure 2. The condenser then releases heat energy to the 
environment (Q̇out), leaving that environment warmer, which is the process from 2 to 4. The expansion 
device controls the rate of flow of refrigerant while keeping the internal energy constant, which is the 
process 4 to 5. The evaporator absorbs heat energy from the environment (Q̇in), leaving that area colder, 
which is the process 5 to 1. This cycle then repeats itself to provide cooling for long periods of time. 
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This project will compare this ideal vapor compression cycle to the actual cycle performance and 
behavior in lab. We will design the system so that the states around each component can be measured and 
analyzed so that a student can qualitatively define the components of a practical vapor compression cycle. 
2.2 EXISTING EXPERIMENTS 
Our project sponsor has led another very similar project with a group at the University of Alaska 
Anchorage (UAA). This group titled their experiment the Modular Experimental Refrigeration 
Laboratory 8000 BTU (Bromaghin). With this project being a natural building block towards our initial 
design, there were still necessary modifications to be made to the UAA experiment. In addition to this 
report, there are a number of journal and report publications that detail both the differences between ideal 
and practical vapor compression cycle setup, as well as similar project procedures. Safety measures need 
to be taken for the handling of refrigerant (either R134a or R410a), affirmative isolation between major 
system components (double check/ball valves), and electrical consumption and power. Necessary 
resources beyond the scope of Thermodynamic, Heat Transfer, and ASHRAE textbooks would be: 
 
● Assistance of an electrician for proper re-wiring of an AC unit  
● Licensed professional to handle emptying the refrigerant/modifying refrigerant levels 
 
There are plenty of resources and examples for the theoretical design of a vapor compression cycle and 
projected outcomes of varying parameters, but manufacturing and assembling the design of such a setup 
could be less straight-forward. In order to save on cost, we will be deconstructing an air conditioning unit 
and rewiring for a more interface-friendly display – similar to the UAA experimental setup. To further 
encourage the students’ understanding of how certain components affect a vapor compression process, 
each major component will be variable or there will be built-in bypasses to exemplify the same idea. This 
will show students how changing one parameter - such as pressure drop across the expansion valve – will 
affect the rest of the system. There are some potential design issues with this approach: 
 
● Fitting pre-existing AC tubing to copper tubing (requiring compression) 
● System vibrations from rotation components causing potential fastener loosening 
● Installing safety checks (valves) for proper isolation 
● Re-wiring or installing new circuitry and/or motor controllers for each “module” 
● Identifying logical placement for Data Acquisition (DAQ) receivers and state measurements that 
least interfere with the system 
 
After considerable research of available refrigerants to be used in our vapor compression system, R134a 
shines as the highest performing candidate in terms of COP requiring less input power for the compressor.  
R134a exhibited the best exergetic efficiency in terms of the evaporator’s temperature rise (Siva Reddy).  
But, most Commercial off the Shelf (COTS) window air conditioners implement R404a or 410a into their 
systems piping.   
 
After conducting thorough background research on vapor compression systems, thermodynamic concepts, 
and the similar experiment conducted by the University of Anchorage students, specific issues were 
designated for redesign and modification in this project. In addition to addressing the lack of heat loading 
from the previous experiment, additional design constraints are needed to determine the layout of the 
system components to ensure that a functional and aesthetic final product are attained. 
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In efforts to improve upon the reliability of the UAA experiment, some modifications and additions will 
be made to the experimental setup. First and most importantly, since the previous experiment used an AC 
unit with 8000 BTU/hr cooling load and the environment surrounding the experiment did not achieve 
high temperatures often, the system – in a sense – was overly proficient. This proficiency led to an 
unintended operating point and the evaporator not being able to convert the refrigerant from its liquid 
phase to fully gaseous state. Therefore, by sizing a smaller AC unit and introducing an artificial heat load 
on the system, we can ensure that the refrigerant will achieve its vapor state before being re-introduced 
into the compressor. In addition to this, more COTS parts will be integrated for future reliability and 
potential maintenance. The single requirement for component layout is that the compressor must be at the 
lowest point of all components. This will allow the compressor lubricating oil - which is circulating 
throughout the whole system - to sufficiently drain back, and not damage the compressor upon startup. 
The remainder of the layout will depend on each individual component and be discussed in detail in the 
following sections. 
2.3 METHOD OF METROLOGY 
For testing instrumentation, a series of pressure gauges, thermocouple grids, and flowmeters will be 
required to ensure the cycle is performing up as expected.  The pressure gauges will be rated to 1000 psi 
on the high side and 500 psi on the low side which should suffice for our conditions as we expect our 
compressor to raise the pressure no more than 500 psi (high side pressure).  
For temperature, we have decided to measure with thermocouples over dial gauges because of the cost 
associated with these devices and the number of locations that require a reading.  We expect to have 4 
thermocouples embedded in our copper piping at each state location, 1 for atmospheric reading, and 9 for 
the 3 x 3 grid we plan to have at the evaporator to test the heat load we are adding to the system.  We have 
been also been given the option to not embed our thermocouples into the "stream" of the refrigerant and 
instead leave the wire touching the outside of piping.  This option is not ideal but still tolerant as 
experience shows that only a 2° F difference would be seen in the measurement.  In this case, we will 
proceed to embed our thermocouple wiring into the pipe but may adjust later on to accommodate the 
latter action.  In all, this comes out to 14 total temperature readings thus requiring a DAQ reader that can 
read that many measurements.  It has been suggested by our sponsor that type T thermocouples work the 
best in terms of precision so we will ensure compatibility between the DAQ and the thermocouple wires.  
An experiment compiling the temperature distribution along a cylinder’s surface (Schäfer) acts as a good 
model for us to profile our temperature spread across our evaporator and condenser and is shown in 
Figure 3.  The temperature at the inlet of the evaporator is desired because it will be treated as the “cold 
area” which is intended to be cooled. We will use fishing line to compile the grid overlaying the face of 
the aforementioned components which will hold the thermocouple ends that feed to a DAQ reader for 
display.  A wattmeter will be used to test the power draw from the compressor as a reference for students.   
 
 
5 
 
 
 
Figure 3: A model setup for the thermocouple grid for evaporator inlet (Sensors) 
   3. OBJECTIVES 
The goal of this project is to design and build an experiment for the new Heat Transfer (ME 350) class 
that demonstrates basic thermodynamic and heat transfer principles, as well as exposing students to 
methods of metrology, and error analysis. This includes building a vapor compression display unit that 
will be used to collect all of the data for the lab and creating a lab procedure that will be used by the 
students in the class. The desired outcome of this project will have students better understand the different 
parts of a vapor compression cycle and how to improve the total efficiency of such a system.  
To accurately gauge the customer requirements for this project, our team created a Quality Function 
Deployment (QFD) House of Quality, which can be found in Appendix A. The House of Quality was 
used to brainstorm the customer requirements and use them to define engineering specifications that are 
required for this project. The customer requirements can be found on the left of the House of Quality, the 
specifications are found at the top, and the targets for the specifications are at the bottom. In the center of 
the House of Quality, we rated how strong the correlation is between the specification and the customer 
requirement as follows: 
 9 = strong correlation 
 3 = medium correlation 
 1 = low correlation 
 0 = no correlation 
Each of the correlations were then multiplied by the importance of the customer requirement and then 
summed up and averaged at the very bottom of the House of Quality. 
Based on this analysis, we have decided that the following engineering specifications, shown in Table 1, 
are required for this project. 
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Table 1: Formal Engineering Specifications Table 
Spec. 
# 
Parameter 
Description 
Requirements or 
Target 
(units) 
Tolerance Risk 
Method of 
affirming 
compliance 
1 Weight 200 lbs. MAX Low 
Inspection, 
Analysis, Similarity 
to Existing Designs 
2 Project Cost $3,666 ±$1,000 Medium Analysis 
3 Size of Unit 
L = 6 ft; H = 6.5 ft;  
W = 5 ft 
MAX Low Inspection, Analysis 
4 
Air Cooling 
Rate 
5000 BTU/hr MAX Low 
Analysis, Similarity 
to Existing Designs 
5 Heat Load 0.75 kW MIN High 
Running/testing 
operating point, 
Analysis 
6 
Experiment 
Runs as 
Expected 
COPnew = COPspec -50% High 
Testing operating 
point 
3.1 WEIGHT 
There is a weight requirement of 200 lb. for this project so that it is capable of being moved by one or two 
average engineering student(s). This weight requirement is low risk because the UAA experiment that we 
are tailoring our initial setup of had a weight of 130 lbs. This gives us some room to add more 
components while still being portable.  
3.2 PROJECT COST 
There is an estimated budget of $3,666.00. This comes from the Department of Mechanical Engineering 
Senior project endowment fund. This is medium risk because going over budget will mean that the 
experiment could potentially be pushed off schedule, or worse: rendered incomplete or poor quality. 
3.3 SIZE OF UNIT 
The unit should be able to fit in the lab in which the experiment will be performed in, as well as through a 
standard door as it would be extremely inconvenient to disassemble the experiment every time it needed 
to be moved to another room. It is necessary to be able to store the unit in a reasonable amount of space, 
therefore the unit should be as compact as possible while still being open and organized. Since the UAA 
experiment was 4‘x6’, and we intended not to purchase a larger AC unit than they had, we let our 
dimensions be roughly the same size area. This is a low risk specification because we know that it is 
possible to fit this project in the lab space. 
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3.4 AIR COOLING RATE 
Since we are not using this air conditioner to actually cool a room, we are limiting the air cooling rate to 
be as small as possible. In doing so we allow ourselves to more closely achieve an active heat load that 
the unit needs to cool. Since the previous lab experiment used an air cooling rate of 8000 BTU/hr, we 
have set this as our limit for how large ours can be. However, we are planning for an air conditioner with 
about 5000 BTU/hr cooling rate so that the system will not form vapor condensate at/after the evaporator. 
This is a low risk specification because we only have to make sure to purchase the correct air conditioning 
unit. 
3.5 HEAT LOAD 
In addition to limiting the cooling rate of the air conditioner, we will also apply a heat load to the 
evaporator so that we can simulate an environment where the air conditioner will actually be used. This 
will help prevent freezing of water around the evaporator in the same way that limiting the cooling rate 
will. This is a high risk specification because adding this type of heat load has not been done on a 
previous air conditioning lab experiment unit.  In addition, the heat added to the condenser will be routed 
to the evaporator via ducting in order to increase efficiency and reliability of the evaporator. The 
specification for the heat load was calculated based on the cooling capacity of our air conditioner. Since 
the air conditioner we plan to use is 5000 BTU/hr (1.5 kW) and if we assume the coefficient of 
performance is 50%, our system would need a heat load of 0.75 kW. 
3.6 EXPERIMENT RUNS AS EXPECTED 
Since the purpose of this experiment is to analyze a vapor compression cycle, we want to make sure that 
our data and procedure are designed so that we are measuring the correct data. To do this, we will 
calculate the coefficient of performance (COP) of our air conditioning system and compare it to the COP 
published by the air conditioner manufacturer. If we are within 50% of this value, then we can say that 
this experiment works like it should. This is a high risk specification because since we are adding valves, 
measuring devices, and other devices that will induce a pressure drop along the path of the cycle, the COP 
might be changed drastically - which would negatively affect the performance of the air conditioner. We 
are assuming that we will not change the performance of the air conditioner by more than 50%, however 
there is a large chance that we will alter this specification by more. 
After performing the House of Quality exercise, it was determined that the most important deliverables 
were the size of the AC unit cooling load, the effectiveness of the heat transfer to the evaporator, and the 
performance of the final layout compared to the original AC specs. Each of these design aspects had 
approximately 20% of the total design weight. By focusing more heavily on these three deliverables we 
can ensure that our design will accomplish the desired requirements.  
 4. COMPONENT SELECTION 
The design of this project was split into the different components associated with the final product. Each 
of the components has multiple design considerations that will affect the final design of our product as a 
whole. The different components include: 
a) The main vapor compression components 
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a. Compressor 
b. Evaporator 
c. Condenser 
d. Throttling Valve 
b) The method of introducing an artificial heat load 
c) The overall piping layout 
d) Selection of the throttling valves 
e) Selection of flowmeter to use 
f) Frame dimensions and design 
g) Cal Poly “Flair” 
 
Each of the previous components will be addressed below with the considerations associated with the 
design. 
4.1 AIR CONDITIONING UNIT SELECTION 
In order to accurately create an air conditioning lab, the main components required are a condenser, an 
evaporator, a compressor and a throttling device. These parts could be purchased individually, or in an 
already constructed unit that would be bought and taken apart.  
 
Since this air conditioner will be used in the lab which is not a hot environment that would require this 
type of air conditioning, an air conditioner with a lower air cooling rate would be preferred. This 
preferred air cooling rate would be between 5000 - 8000 BTU/hr. 
 
This lab will be operated at California Polytechnic State University, San Luis Obispo (Cal Poly). Cal Poly 
already has a supply of refrigerant R134a which would be cheap and easy to use. However, if our air 
conditioner were to use a different type of refrigerant, then a storage tank and a supply of refrigerant 
would have to be purchased. This type of purchase would not be included in our budget, however remains 
a consideration when choosing our air conditioner. 
4.2 HEAT LOAD DESIGN 
Since the environment that the air conditioner will be operating in is not one that requires a large cooling 
load for comfortable temperatures to be maintained, we will model this environment by adding ducting in 
between the condenser and the evaporator. A simplified schematic of an air conditioning thermodynamic 
cycle is shown in Figure 4 with added duct routing. An air conditioner is designed to be operating in a hot 
environment to provide cooling. Since the lab environment is not necessarily hot, we will add a heat load 
to the inlet of the evaporator.  
 
We thought of two ways that we can add a heat load to our system. We could add a space heater to the 
entrance of the evaporator or we could add a duct that would recycle the heat loss from the condenser and 
recycle it to the entrance of the evaporator. A table comparing these different ideas can be found in Table 
2. 
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Table 2: Modified Decision Matrix for Heat Load Type 
Heat Load Type Space Heaters Ducting Heat Loss 
Cost Efficient? No Yes 
Is No Energy Added? No Yes 
Aesthetic? No No 
Substantial Heat Load? Yes Yes 
Totals 2 3 
 
 
By adding ducting, we are recycling the heat rejected by the condenser by directing this heat to the 
entrance of the evaporator. This allows us to save energy while modeling a heat load at the entrance of the 
evaporator.  After creating the decision matrix, we decided that ducting the heat loss would be the best 
way to apply a heat load to the system. 
 
 
Figure 4: Air conditioning thermodynamic cycle (Saylor Academy) 
 
4.3 OVERALL PIPING LAYOUT  
The means of transporting the refrigerant from each component is vital as any leaks, large pressure drops, 
or vibration could drastically impact the experimental results. The majority of the routing material has 
been designated to be high-pressure copper piping. The reason for this is the affordability, the fact that the 
de-constructed AC unit comes with a fair amount of piping, and that it is easily morphed into convenient 
layouts. Between each section of piping there will be compression fittings to join unequal diameter 
piping, but also to ensure no leakages take place. We initially planned on connecting refrigerant hosing 
directly near the compressor but opted to instead use copper piping throughout the system.  Our major 
Duct routing 
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concern with copper piping at the compressor was heavy vibration that could have caused unnecessary 
stress on the piping but this fear has been mitigated by rubber grommets located on the compressor.   
As this experiment requires measurements of refrigerant and air, a combination of Data Acquisition 
electronics, temperature, and pressure gauges will be employed after each major system component (at a 
minimum). This necessitates additional fittings for pressure (and temperature) gauges, and data 
acquisition components - which will be thermocouples - as well as a data logger to record the data 
measurements are not analog.  
 
The final components necessary are the charging valves, flowmeter, and sight glass. Charging valves are 
required for the system to be a viable experiment in the years to come by enabling a licensed technician to 
discharge or recharge the system with refrigerant. They will be placed at the high and low points of the 
system, before the compressor and after the condenser. This will ensure that the compressor will have an 
adequate amount of refrigerant on startup after a recharge. At least one measurement of flow is required, 
and this will be placed after the condenser, before the throttling device to measure the flow of the 
refrigerant in its liquid phase. Lastly the sight glass will be placed after the flowmeter to visually gauge if 
the refrigerant is in its liquid phase or if there is a mixed gas/liquid phase.  
4.4 THROTTLING VALVE TYPE  
The one component not discussed in 4.3 is the throttling valve. The Frigidaire AC unit utilizes capillary 
tubes as its built-in throttling device, but since we intend for students to vary the magnitude of throttling 
the system experiences, we will also be incorporating a more adaptable alternative to the capillary tubes 
for the students. Exploring the expansion device alternatives to capillary tubes yielded a wide amount of 
options: from needle valves to capillary tubes to float valves. After narrowing the options down to a 
manageable amount based on cost alone, each valve was put through a simple pass/fail method of 
ensuring that it would accomplish what is required, and can be seen in Table 3.  
 
Table 3: Modified decision matrix for valve type selection 
Valve Type Electronic Needle Rising Plug 
Fine 
Metering 
Capable of high pressure? Yes Yes No Yes 
Variable? No Yes Yes Yes 
Accurate? Yes Yes Yes Yes 
Available in appropriate 
scale? 
Yes Yes Yes Yes 
Cost effective? No Yes Yes No 
Totals 3 5 4 4 
 
The Needle valve was found to be the only valve of the lot which was capable of each aspect required, 
and is therefore the selected throttling device. 
4.5 FLOWMETER 
Since it is desired that the flowrate of the system be known for thermodynamic and heat transfer analysis 
we pursued the placement of the flowmeter in the overall layout. The factors that came into consideration 
were compatibility with other components and fittings, phase of the measured fluid, and placement in 
relation to other components. It was determined that the flowmeter should measure the fluid state, which 
limits the placement and narrows down the types of metering devices to choose from. Similar to the 
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throttling device comparison, a number of potential flowmeters were eliminated from discussion based 
solely on cost. Important factors included the scale of a flowmeter in question, whether or not it can 
measure liquid phase refrigerant, and if it is within the project budget. Additionally, while there is a 
natural drop in pressure with nearly any flow metering device, we wanted to ensure that we could 
minimize the overall disturbance to the flow if at possible by designing out larger pressure drops or flow 
turbulence. The remaining options were weighed against the design requirements and can be seen in 
Table 4: Modified decision matrix for selection of flowmeter. 
 
Table 4: Modified decision matrix for selection of flowmeter 
Flowmeter Type 
Propeller 
Meter 
Positive 
Displacement 
Rotameter 
Coriolis 
Meter 
Measures liquid phase? Yes Yes Yes Yes 
Available in appropriate scale? No Yes Yes Yes 
Cost effective? No Yes Yes No 
Low fluid-flow disturbance? Yes No Yes Yes 
Totals 2 3 4 3 
 
From the results of the decision matrix, the Rotameter was selected to be the best fit for our design. The 
final decision of make, model, and exact type would come down to overall placement between the 
condenser and the compressor and exactly how much room there would be to work with.  
4.6 FRAME DESIGN 
The frame will be composed of aluminum t-slot extrusions provided by Tslots (Futura Industries).  We 
will be using t-slots from this company because they will cut all of our t-slots to size and offer 50% 
discount for student projects. Since our budget and time is a large consideration, this discount will help 
meet our budget while cut down our manufacturing time. In addition, the panels, casters, and all necessary 
brackets and fasteners will be supplied by this company for our design as well.  Engineering analysis is 
still needed to determine the necessary size of the t-slots as these bars will need to support the weight of 
our various HVAC components (1” x 1” and 2” x 2” extrusions are available).  In addition, we may select 
amongst several paneling options (steel or PVC, 3 mm or 6 mm thick) for the attachment of these 
components to our model. 
4.6.1 PVC vs. Acrylic vs. Steel Panels 
PVC and Acrylic are both strong, rigid and light. Steel is strong and rigid, however has a much higher 
density. Since the weight of this project is a constraint, we have decided to look into PVC and acrylic for 
the panels of our board.  Utilizing acrylic would be disadvantageous both in cost per square foot and in 
structural rigidity as it tends to shatter under heavy loads. Because of these reasons, we decided to go with 
PVC as the material for our panels.    
4.6.2 Support for Evaporator and Condenser 
Since the evaporator and condenser will need to be incorporated into both sides of the board, they will sit 
in a hole in a panel. Since each of these two components are thicker than the panels, most of the 
component material will be protrude from either side of the board. To account for this extra weight and to 
make sure that the components do not tip, we will design L bracket supports that will balance this weight. 
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4.7 CAL POLY “FLAIR” 
If the budget allows, we want to include some “flair” associated with our final design. This will not affect 
the performance of our project, however will make the design look more visually appealing. 
 
We will include a plaque with our team name along with the names of each team member. We will use 
the resources on campus to manufacture this component. 
 
If time and our budget allows, we are also considering applying stickers to make our display comparable 
to a thermodynamic cycle students have seen in their Thermodynamic classes. This would include an 
outline for the main components comparable to those seen when describing a theoretical cycle. 
 
This preliminary design involved extended research of different components. This section laid out the 
different considerations that were encountered while researching each designable aspect. Each component 
was weighed either against other competing devices, or against the budget. The budget turned out to be a 
heavy factor in each selection, but not the ultimate decider. Section 6 summarizes the selected component 
for each system laid out in the current and following sections. 
5. PROTOTYPING 
To continue the design process, our team created a prototype of the layout of the experiment and the size 
of our frame to develop a clearer understanding of how the project will be organized.  
5.1 BOARD LAYOUT 
The prototype was created out of foam board, paper, and miscellaneous craft supplies and can be seen in 
Figures 5 and 6.  
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Figure 5: Front of the prototype of the board. 
Figure 5 shows the front of our board. The evaporator is shown at the top, the condenser at the bottom, 
the compressor at the bottom right and the expansion valve at the bottom left. There are temperature and 
pressure sensors before and after each component so that accurate valves will be measured so that the 
thermal calculations can be done to achieve accurate valves to analyze this air conditioning cycle. Since 
this vapor compression cycle is not ideal, values of temperature and pressure at every point on the cycle 
will allow the student to calculate the efficiency of each cycle to understand how a practical cycle works 
in reality. There is a flow meter after the condenser and before the throttling valve to measure the flow of 
the refrigerant while the refrigerant is a liquid. There is a sight glass after the condenser to be able to see 
the state that the refrigerant is in (either a liquid or a gas or mixture). There is an emergency shut off 
switch in the top right corner. There is also a plug next to the compressor from which power will be 
delivered. This will also allow the student to measure the power supplied to the compressor from the plug 
with a wattmeter. 
The compressor must be the lowest component on the board. The reason for this is that the compressor is 
filled with oil. While the system is running, this oil will be circulated throughout the system and may not 
all return to the compressor upon shutoff. Placing it at the lowest point will allow a good amount of oil to 
drain back to the compressor so that when the air conditioner is turned back on, it will not overheat or 
crash. By designing some slack into the refrigerant hose connecting to the compressor, there is that much 
more opportunity for the oil to drain appropriately. 
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Figure 6: Back of the prototype of the board. 
 
Figure 6 shows the concept for the back of our board. There is ducting that connects the back of the 
condenser to the evaporator to provide the heat load to the evaporator.  
5.2 FRAME SIZE VERIFICATION 
After the size and weight of the components were verified, calculations were necessary to 
determine the required size of the frame to prevent tipping. These calculations can be found in 
Appendix D. The required footprint of the unit was calculated to be 6’ x 4’. Since this footprint is 
pretty large we became worried that once the unit is built, it would not be able to be moved to the 
lab that it will be performed in. So our team built a representation of the footprint of our unit and 
moved it from one room to the next to make sure that once our unit was built, it would be able to be 
transported to the required lab. Figure 7 shows that our frame will fit into the elevator and into the 
required room for this lab. 
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Figure 7: Prototyping verification of size of the frame. 
 
  6. FINAL DESIGN 
After extensive research of the various components going into the design of our system, we have honed in 
on select parts that fit our design considerations.  We weighed the benefits and detriments of each option 
in our selection of the overall layout of the components, window air conditioner, refrigerant type, ducting, 
valve types, and frame accessories.  Given the exercises conducted through the ideation and design 
phases, a single selection was made for each individual aspect of the overall experiment and is reported in 
Table 5. 
Table 5: Design variable selections for preliminary design 
Design Variable Ideation Options 
AC Unit 
 Window AC unit 
 Deconstructed AC unit, ready to 
assemble 
 Automotive AC unit 
Heat loading 
 Space heaters 
 Ducting 
 Built-in fans 
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Refrigerant 
Routing 
 Copper piping 
 Refrigerant hose 
 Steel piping 
Expansion 
Devices 
 Needle valve 
 Fine metering 
 Electronic valve 
 Rising plug 
Flow Metering 
 Gas phase 
 Liquid phase 
 Propeller meter 
 Positive Displacement meter 
 Rotameter 
 Coriolis meter 
Frame 
 Welded 
 Fastened 
 Aluminum 
 Steel 
Panels 
 Removable panels 
 Built-in interface 
 Plastic panels 
 Plywood panels 
 Acrylic panels 
 Steel panels 
 PVC panels 
Embellishments 
 3D printing 
 Plaque 
 Color-conscious design  
 Labeled Thermodynamic interface 
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6.1 AIR CONDITIONING UNIT SELECTION 
 
Our team decided that the easiest and cheapest way to obtain all of the required components was to 
purchase an air conditioning unit. Since a smaller unit with a lower air cooling rate is preferred, a window 
air conditioner was chosen and can be seen pictured in Figure 8. 
 
 
Figure 8: FRIGIDAIRE 5000 BTU/hr Room Air Conditioner 
After researching different window air conditioners, we found that those with lower air cooling rates only 
used R410a or R404. This is because R134a is used in applications that require much higher air cooling 
rates. Because of this, our team decided to use an air conditioner with R410a and has an air cooling rate of 
5000 BTU/hr. 
 
6.2 DUCTING DESIGN 
 
As discussed in Section 4, we found it necessary to add a ducting system from the condenser and 
evaporator to recycle the heat released from the system to be the heat absorbed for the system. We will 
use 10” diameter flexible aluminum ducting, as shown in Figure 9. 
 
Figure 9: Aluminum Ducting (Home Depot) 
This type of ducting is not insulated. The reason our ducting is not insulated is because that in an ideal 
system, the heat rejected from a vapor compression cycle is greater than the heat absorbed. Since this 
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ducting will be recycling this heat - in an ideal cycle - this heat would be too much for the evaporator and 
the cycle will not work properly. However, using a non-insulated duct, we allow some of the heat to be 
released to the surroundings and not all to be absorbed by the evaporator.  
 
Calculations shown in Appendix G show that using one fan provided with the unit does not provide 
enough flow for our heat load. However, if we were to add a 10” Diameter inline fan to the duct, as 
shown in Figure 10, then we would have enough flow for our heat load. The data sheet for the inline fan 
that we will use is in Appendix H.  
 
 
Figure 10: Inline Air Duct Fan (Home Depot) 
This inline fan will be held with aluminum sheet metal supports attached to the board to secure it in place. 
Appendix F shows calculations for the maximum size of the support beams before the aluminum sheet 
metal will fail. Since the weight of the in-line fan and ducting is so small, 0.019” thick aluminum sheet 
metal will easily support this load. We will buy a sheet of this sheet metal and then manufacture these 
supports in the labs provided at Cal Poly. Figure 11 shows the supports and how they will connect to the 
inline fan and ducting. 
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Figure 11: Supports for the Inline Air Duct Fan and Flexible Ducting 
 
We have also designed supports so that the piping system can securely attach to the back of the 
evaporator and condenser. We will use the sheet metal bought for the inline fan supports to create 
supports for the inlet and exit of the ducting. These sheet metal supports can be seen in Figure 12 and 13. 
 
 
Figure 12: Supports for Ducting Shown Alone 
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Figure 13: Supports for Inline Fan Shown Alone 
 
A humidity sensor will be considered as an addition to the ducting included in the design.  The 
process would include inserting the sensor coaxially adjacent to the evaporator to track the relative 
humidity of the air flowing through.  The sensor will have its own 12V battery associated with it.   
 
6.3 OVERALL PIPING LAYOUT 
 
From the considerations in Section 4.3 and referring to the prototyping exercise of Section 5, the relative 
layout of our proposed vapor compression system can be seen in Figure 14. 
 
 
Figure 14: Approximate layout of experimental board 
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The gold lines represent all areas of copper piping, while the blue lines represent refrigerator hoses. Also 
incorporated to the figure are two charging valves, placed at the high and low points of the systems’ 
process. The placement of the selected throttling valve to be at the upper left hand corner of the 
experiment board with the evaporator and condenser in the middle for an evenly balanced setup. The 
compressor is at the lowest point as required, with isolation valves seen surrounding each major 
component in the process. Lastly, temperature and pressure intended measurement points are indicated at 
each of the four major states of the vapor-compression cycle. The flowmeter and sight glass are both 
located between the condenser and throttling device so one can observe the level of gaseous/liquid phase 
present.  
 
With the basic layout settled upon, some calculations were required for component and piping selection. 
Beginning with data provided by the compressor manufacturer -GMCC- seen below in Table#, we 
identified the thermodynamic properties at each state.  
 
Table 6: Compressor operating temperature at maximized test conditions (GMCC) 
Test Condition GX 
Condensing Temperature 46 °C 
Liquid Temperature 41 °C 
Evaporating Temperature 10 °C 
Suction Temperature 18 °C 
Ambient Temperature 35 °C 
 
Utilizing these values and analyzing techniques found in Fundamentals of Engineering Thermodynamics 
(Moran) the pressure and temperature of each state was calculated as well as the flowrate of both the 
refrigerant and air when the system is operating at peak conditions (Appendix G).  
 
Based on the calculations discussed, it was determined that the maximum pressure our system would 
encounter is 405 psi. Therefore, we selected copper piping rated for pressures on the magnitude of 1000 
psi, slightly annealed ACR (Air Conditioning and Refrigeration) application. Our system called for three 
different pipe outer diameters at different stages in the cycle: ¼”, 5/16”, and 3/8”. Based on the copper 
pipe dimensions, components required, and fittings/bypasses needed a final design of the board was 
selected and can be found in Figure 15. 
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Figure 15: SolidWorks Model of Piping Layout 
 
6.4 THROTTLING VALVE TYPE 
 
The needle valve was selected as an alternative to the capillary tubes for when students are asked to 
determine the effect of varying the level of expansion the fluid undergoes. An update from our 
preliminary design review, one will see that we are no longer incorporating capillary tubes as a secondary 
throttling device. This is because the capillary tubes accompanying the Frigidaire air conditioner are not 
salvageable, and our team deemed it unnecessary to buy or manufacture a new one. The single expansion 
valve will be placed as identified in Figure 15. Based on the calculations found in Appendix G, the valve 
needed to withstand max temperatures and pressures of 190 °F and 405 psi, respectively. The needle 
valve selected is equipped with a dial with which students can gauge how open the valve is at each point 
and can withstand working pressures of 250 °F at 3000 psi. This valve is shown in Figure 16 which will 
be purchased from Parker manufacturer. 
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Figure 16: Parker Brass Needle Valve V4 Series ¼” (Parker) 
 
6.5 FLOWMETER 
 
A rotameter will be used to measure liquid-state refrigerant and will have an adjacent sight glass just 
downstream that will enable students to affirm that the fluid is indeed liquid. Figure 16 shows the selected 
rotameter which will be purchased from Hedland Co. and has a +/-2% accuracy when flow is between 
0.1-1 GPM. 
  
Figure 17: Hedland fluid rotameter (Hedland Co.) 
The potential risk of using an incorrectly sized rotameter is what the pressure drop could do to the 
measurements. If the pressure drop across the flowmeter is so large to the point where vapor is introduced 
back into the system, it is unlikely that the float will yield any semblance of accurate values. Therefore, it 
is critical for flow measurement that the rotameter be sized correctly with the assumed flowrate of the 
refrigerant. Based on the estimated flowrate (0.1438 gpm, Appendix G) our selected flowmeter will 
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satisfy the accuracy requirement, with the pressure drop across said rotameter only being 2.75 psi at max 
conditions (Hedland). 
 
 
6.6 FRAME DESIGN 
The frame will be constructed from T-slot aluminum as aforementioned which will allow for us to fasten 
a majority of the main components going into our assembly. Our group prefers fastening the majority of 
the components so that we can avoid welding our frame together since no one in our group has much 
experience in welding.  This will provide a cleaner look for the overall appearance of the experimental 
setup.  The panels will be attached by bolts which will allow for easy removal for any maintenance that 
may be required.   
 
After consensus with the team, we have decided to select PVC, 6 mm thick panels for our layout.  
Appendix C contains calculations made to ensure that the frame and panels will hold up to the 
overhanging loads of our HVAC components.   
 
The dimensions of the frame will be 5 feet tall by 6 feet wide with a depth of 4 feet for the legs.  The 
panel’s height will have a 1-foot clearance from the ground with a 5-foot maximum height. This will 
bring the lowest component on the board to at least one foot above the ground.  This will make it easier 
for the students to read the measurements provided by the pressure sensors at all locations on the board 
while performing this experiment. 
 
 
Figure 18: Main Assembly Solidworks Drawing 
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Figure 19: Solidworks model of the frame design (front view) 
 
Figure 20: Backside view of Solidworks frame rendering 
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Figure 21: The triangle support prevents tipping in both directions and adds weight support 
 
 
 
Figure 22: The handles allow for easy install and removal of modular panels 
 
 
 
Figure 23: The L brackets slot into the T-slot aluminum uniformly 
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Figure 24: An example of a modular panel with corresponding AC component 
 
6.6.1 Frame Analysis 
 
Our frame design was modeled in SolidWorks. The approximate weight of the frame is about 50 lbs. and 
the total weight of the PVC panels are 17 lbs. Although we have not measured the weight of each of the 
components from the air conditioner that we bought, we can assume that the worst case scenario would be 
that the panel would need to support 45 lbs. Included in the 45 lbs. is the weight of an individual panel 
(about 3 lbs.), a third of the weight of the air conditioner (about 33 lbs.) and extra weight for other 
components. 
 
In our design, we have four bolts in each corner on each panel. Because of this, we can assume that the 
main mode of failure would be due to shearing of the bolts. With the previous assumptions, since the 
weight that each panel must support is only 45 lbs. the bolts have a very large safety factor and would 
support this load easily. Hand calculations for this analysis can be found in Appendix C. 
 
Another concern for the frame is that the components added to the board will cause the board to tip. To 
prevent this, we have added the triangle support beams as shown in Figure 16 to help balance the tall, thin 
board on a flat surface. We also performed hand calculations to find the necessary leg length of our unit 
required to prevent tipping when the unit is moved. After conducting static analysis of our frame, we 
deduced that four-foot-wide legs will suffice for our assembly.  We performed calculations, shown in 
Appendix D, to find how much force would be required to “tip” our frame over with a worst case scenario 
that the student would push from the top to move the unit.  We then repeated this calculation for different 
leg lengths to find the largest force that could be applied to the top before the unit would tip at each leg 
length. Since the force applied would have to be large enough to overcome the static friction of the 
wheels to cause the unit to move, this force was also calculated and compared to the maximum force that 
would cause tipping at different leg lengths. The four foot legs allow for the students to push with enough 
force to move the unit by overcoming the static friction at the wheels. 
 
Since the majority of the weight of our board will be held up by one six-foot-long T-slot, we wanted to 
make sure that this beam would not deflect enough to cause our frame to sag. If this would be the case, 
we would need to add another set of wheels in the middle of the beam to give the beam more support 
from the ground. We have performed hand calculations for this analysis, as shown in Appendix E. These 
hand calculations show that the beam will only deflect by 0.167 inches at the middle of the beam. This 
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deflection is so small that it can be ignored. This shows that our design, that only has four wheels, will be 
adequate. 
 
After performing these hand calculations, we concluded that our design for the frame would be sufficient 
to support the weight and shape of our unit. 
 
6.6.2 Support for Condenser and Evaporator 
  
Ideally we will use the cut out of our panels to support the overhanging weight of our compressor, 
condenser, and evaporator.  The PVC that will be removed from the center of the panel will be 
repositioned to sit under each of the components. 
 
6.7 ELECTRICAL DESIGN 
Being that the original AC unit is being disassembled and repurposed, and additional electrical 
components are being added to the system (metering devices, power control devices, etc.) the 
electrical schematic had to be altered to accommodate.  Pictured below in Figure 25 is the modified 
electrical schematic with the following components added. 
 
 
Figure 25: Modified electrical schematic with safety features and metering devices embedded 
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While some basic re-wiring was inherent to repurposing the air conditioner, additional safety 
measures were added. First of which is an emergency cutoff switch that will enable students to cut 
power to the system in case of experimental miscues or issues. This E-stop is mechanically capable 
of withstanding 610 Volts and 10 amps – well over any power conditions that it will ever 
experience. Next is a high pressure cut-out switch positioned adjacent to the compressor (as seen 
below in Figure 26.  
 
Figure 26: Electrical component placement 
This switch is designed to create an open circuit should the high-side pressure exceed 600 psi. As 
the compressor is designed to withstand 675 psi, this switch assures that the compressor is not 
compromised due to over-pressurization. The cut-off switch closes the circuit once the system 
returns beneath 475 psi. Pictured in Figure 27 and Figure 28 are the emergency and cut-out 
switches selected. 
 
Figure 27: Emergency stop switch 
 
Figure 28: High pressure cut-out switch 
Lastly, the in-line fan and humidity gauge simply need to be wired to the rest of the electrical 
system in place, while the ammeter/voltmeter is to be wired in such a way that it will measure the 
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voltage and current draw to the compressor. The ammeter portion has an inductor coil to measure 
current and the voltmeter will be connected in parallel to the wires leading to and from the 
compressor. The selected ammeter/voltmeter is pictured below in Figure 29 
 
Figure 29: Voltmeter/Ammeter to measure compressor power draw 
With the assistance of the campus electrician, our team will disconnect the current wiring of the air 
conditioner and re-wire according to the electrical schematic seen in Figure 25. 
 
6.8 TEMPERATURE MEASUREMENTS 
 
Our team has decided at the suggestion of our sponsor to utilize type T thermocouple wiring which we 
will use to connect to our DAQ.  We will retrieve fourteen separate temperature readings. Four 
thermocouples will be embedded in the flow of the refrigerant, one will read atmospheric, and the other 
nine will be used as a grid on the evaporator to test the temperature of the rejected heat from the 
condenser. These thermocouple readings will be used by the students in lab to complete the requirements 
for the lab. 
 
6.9 COST ANALYSIS 
Based on the selected components laid out in the above analysis and preceding sections, a bill of 
materials was drafted and can be seen in Appendix H, along with all purchasing sources, quantities, 
drawings, and component schematics. As our current budget sits at $3,666, the grand total of our 
project lies at $3,068.63. While there is a chance we may opt to purchase additional fasteners and 
miscellaneous components, we are confident that the final product will be within the prescribed 
budget. 
 
6.10 MAINTENCE AND REPAIR CONSIDERATIONS 
Due to the calculations and component sizing prior to the purchase of major project pieces, our 
team has done due diligence to ensure that the system should run as expected. As with anything 
however, there are levels of uncertainty and issues that may arise whether it be assembly miscues, 
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poorly handled shipped components, or simple accidents, there are plenty of reasons that this 
laboratory experiment may require maintenance: both while our team constructs it, and teachers 
who will help future students operate it. Primary concern in constructing this vapor compression 
cycle is the handling of the four essential components. The original air conditioning unit was not 
meant to be opened and disassembled, therefore the contents within are delicate and extreme care 
must be taken when handling or altering them from their original setting. As these parts are not 
inexpensive to purchase by themselves, were a component to become compromised in the 
assembly of our experiment, our team would need to purchase another air conditioning unit. This 
would backtrack our process as we would again need to wait for campus facilities to assist us in 
discharging, obtaining, and recharging the system with refrigerant. Therefore, until the system is 
assembled, each original air conditioning component is to be treated with the utmost care. ‘ 
 
When the system is assembled and testing for leak-proof fittings is commenced, some simple repair 
options are available. As the majority of the project is constructed from purchased parts, the plan 
for compromised components would be to buy more. These purchases will come out of the 
remainder of the budget prescribed to this project. Were a pipe to fail, a compression fitting to leak, 
or any minor issue to befall the equipment in the future, Cal Poly instructors will have access to this 
report and can directly purchase replacement components. 
 
The last note on maintenance regards the charging and discharging of the system with refrigerant. 
Our client – Dr. Peuker – is licensed to handle some refrigerants, but not the type our system is 
equipped with (R410a). Therefore, either campus facilities or a third-party will need to complete 
the discharge/charge of the system. Periodically, there may come a need to complete this task, and 
with that in mind there are two charge valves designed into the project. With the ability to charge at 
the high and low pressure sides, this ensures that there should be no internal damage on system 
startup. 
7. DESIGN VERIFICATION PLAN 
Provided that there are no issues with the material presented above, the selected items are ordered 
and received without problem, there are two aspects to the final product that need to be verified in 
order for our project to be considered successful. The table below details the different tests that 
have been/will be carried out to verify successful project completion 
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Table 7: Design Verification Process and Tests to be conducted 
 
 
 
Test plans for the four verification processes can be found in Appendix J. A basic overview of each 
test is design verification (tests 1 and 2) and process/product confirmation (tests 3 and 4). Tests 1 
and 2 involve confirming the postulated dimensions of the frame, as well as the piping and overall 
component layout on the experimental board itself. Tests 3 and 4 are critical, as the former will 
ensure that the system is leak-proof through the use of nitrogen pressurization, and the latter will 
quantitatively check the overall performance of the system against the engineering requirements. 
The Vapor Compression Cycle Performance Test will be a matter of turning the vapor compression 
cycle on, and recording all metered values: Temperatures and pressures at all four states, relative 
humidity, voltage and current draw, air flow rate, refrigerant flow rate, blinded isolation with ball 
valves, and the effectiveness of the cut-off switches. Using these gathered values, we will re-run the 
analysis found in Appendix G and determine our system’s actual performance and compare it to the 
goal of a Coefficient of Performance (COP) of greater than or equal to 50% of the original air 
conditioner COP. Should the system fail to pass this test, modifications will be made to expansion 
valve opening, and if we are still unable to attain 0.5COPoriginal, experimental design will need to be 
modified to allow the system to be usable for future experiments. Provided that it successfully 
attains 0.5COPoriginal, our team will run the experiment and allow students and other faculty to 
sample the user-friendliness of the setup and make adjustments based on subjected reviews. The 
full table with comments and results can be found in Appendix K.  
 
8. MANUFACTURING PLAN 
 
In order to manufacture our project, we will split the task into 3 different sections. We will start by 
assembling the frame, then arrange the plumbing and finally set up the electrical components. A 
time frame of our manufacturing plan can be found in Appendix B. 
 
8.1 ASSEMBLY OF THE FRAME 
Report Date: 1/19/2016 Sponsor: Dr. Stefan Peuker
Quantity Type Start date Finish date
1 Customer 
Requirements Frame Dimension Compatibility
Passes through 
necessary doors to 
reach laboratory
Tyler CV 1 B 12/3/2015 12/3/2015
2
Engineering 
Requirements Panel-Mounting Components Viability
Placement and 
dimensional 
compatibility of 
components and 
plumbing
Josh CV 1 B 1/27/2016 2/12/2016
3
Required for 
Functional Product Leak Test: System Pressurization with 
Nitrogen
No audible leaks, no 
substantial pressure 
drop to system
Ellie PV
Until it 
seals
C
3/28/2016 4/1/2016
4
Engineering 
Requirements Vapor Compression Cycle Performance Test
At least 50% of 
original COP 
Tyler PV 3-5 C
4/16/2016 4/25/2016
Component/Assembly: Air Con 3 
Vapor Compression Experiment
Tyler Eschenbach
Air Con 3 Project DVP
SAMPLES  TIMING
TEST PLAN
Item
No
Specification or Clause 
Reference
Test Description Acceptance Criteria
REPORTING 
ENGINEER:
Test 
Responsibility
Test Stage
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Since the components of the frame use T-slot bars, assembly of the frame does not require any 
manufacturing on our part. We will assemble the different T-slot components by tightening the 
fasteners supplied to us by T-slot. This process should only take about a week to finish. 
 
8.2 ARRANGING OF THE PLUMBING 
 
To prevent ruining the PVC panels that we have bought, we will start by organizing the copper 
pipings and fittings on top of Oriented Strand Board (OSB) board. This allows us to prototype by 
cutting into the wood instead of our final product, which will be PVC. We will attach the many Yor-
Lok fittings to the copper piping and organize our board so that the many different functions of this 
lab can be achieved in a small and organized space. Once the piping orientation has been finalized, 
then we will move the piping to the PVC boards. We will copy the holes that we have made in the 
OSB board to allow us to assemble the final product onto the PVC boards. 
 
8.3 ELECTRICAL COMPONENTS 
 
Finally, we will attach the electrical components to our project. There are safety considerations that 
are necessary when attaching electrical components to our design. This part of our project will 
require the help of the electrician on Cal Poly’s campus who has helped us with the electrical design 
of our project. 
 
9. PRODUCT REALIZATION AND MANUFACTURING 
Over the course of several months, we integrated the various subsystem components to our frame 
in the general order outlined in our Gantt chart to include the T-Slot, the piping (manufacturing), 
electrical wiring, and finally the thermal measurement devices used to support the experiment.  
This section will provide a step by step process of how we implemented our system from start to 
finish. 
 
9.1 T-SLOT 
After receipt of the T-slot in January, we commenced assembling the skeleton of our frame.   
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Figure 30: Assembled T-Slot Frame 
The Aluminum T-Slot and PVC panels were pre-cut to the specifications outlined in our Solidworks 
design by the T-Slots company.  As described before, we opted to prototype with wooden OSB 
board before making final cuts on the PVC to avoid inadvertent mistakes to the board that would 
damage the aesthetics of the overall system.   
 
Figure 31: Hybrid prototype assembly of PVC and OSB paneling (left) and compressor mount 
design (right) 
While the OSB cutouts were made to get a general idea of placement and dimensions for each 
component and relative distances between, the final cuts were made using a manual end mill for 
precise placement and more clean edge finishes. While this yielded precise and dimensionally 
accurate dimensions, the runout was slightly more difficult to maintain as the panel had to be 
rotated at least once for each cutout (setup depicted in Figure 32). This issue was resolved by 
adding additional clearance to the cutout dimensions in order to ensure the components would fit. 
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Figure 32: Milling setup and fixture for panel cutouts 
We settled on a shelf design to act as a platform for the compressor to rest on.  Cut outs for 
condenser and evaporator were implemented as per the original design but the method of 
attachment was refined.  Our team initially attempted to use hanger strap to support the two heat 
exchangers but was unsatisfied with their visual appeal opting instead to use L-brackets that would 
attach to the ducting in the cutout.   
9.2 PIPING LAYOUT 
When we received the air conditioning unit and disassembled it, we inadvertently severed one of 
the connections to the condenser. This prompted consultation with a professional brazing service 
in order to repair the component. By the 3rd and final quarter of assembly, we had brazed the 
condenser inlet and outlet, evaporator inlet and outlet, as well as the compressor inlet. These 
repairs were mainly due to the small proximity of the piping layout of the original system. However, 
the piping was also a non-standard 7 mm outer diameter, of which no compression fittings were 
available. Our contact brazed standard tubing on each of the previously stated components in order 
that we could conjoin the purchased ¼” and 3/8” tubing to each respective piece. The repairs 
altered the original piping layout practically, as can be seen in the render below. 
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Figure 33: Updated piping layout render adjusted for brazed piping 
As stated previously, we used ¼” OD piping on all but the pipe from the condenser outlet to the 
compressor inlet. As such, a majority of the connections were ¼” compression fittings. The 
Flowmeter incorporated SAE threads, and the pressure gauges each required Teflon thread-locking 
tape in conjunction with their NPT threads.  
 
The next issue was overall orientation while constructing the piping. Beginning with the bottom left 
panel, the entire module was laid horizontally in order easily join the piping. Once the condenser 
and evaporator were fastened to their respective panels, the piping was connected from the ball 
valve after the condenser (bottom center of the bottom center panel) to the ball valve before the 
evaporator (top center of the top center panel). From this point we conducted the initial leak test of 
the system using nitrogen as a working fluid. We repaired all leaks that were found (a majority of 
which were due to inadequate tightening of the compression fittings), and resumed connecting 
piping from the heat exchangers to the compressor. This portion was the second issue in the piping 
layout: Since the compressor oils are so vital to the operation of the compressor, it was important 
that we kept it upright throughout assembly. This meant standing the module vertically – which to 
this point had been resting horizontal. This required the current piping to be fastened to the board, 
which was accomplished using pipe hangars. Once each portion of piping was satisfactorily 
attached, the module was stood up, the compressor was placed on the shelf and secured using the 
three original bolts and vibration-resistant rubber stoppers, in addition to a hangar clip which 
secured to the panel itself. The remainder of the piping was connected, and after a closed system 
was achieved, the 2nd and final leak test was conducted and all potential leaks were addressed and 
repaired.  
 
The pressure rating of all copper used is 1000 psi, and the high pressure cutout switch – which is 
located directly after the compressor discharge – limits the system pressure so that it will never 
climb above 600 psi. Barring any failure of the currently leak-free compression fittings or 
connections at the pressure gauges, the only portion that could potentially fail is the brazed 
connections – which are well above the 1000 psi burst failure mode.  
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9.3 ELECTRICAL 
Because our team utilized so much of the existing framework for the final design, the biggest issue 
with electrical design was which portions of the wiring to keep in order to maintain system 
function. While we did add a Voltmeter/Ammeter and an inline fan, we removed the original 
fan/motor arrangement. By doing this, we essentially maintained the same electrical loading on all 
components (since the new inline fan had a comparable driving motor to the original) and little 
alteration was necessary. With some assistance from the campus electrician, we removed a total of 
4 connections and added 2 more due to the extraneous nature of the original motor. Pictured below 
in Figure 34 is the electrical diagram of the final design.  
 
Figure 34: Electrical diagram of system 
The biggest electrical issue that was encountered was making the system finger-safe. Because of the 
order in which the assembly happened (see the previous Piping section) our team could not have 
the exact location of the emergency stop switch determined prior to connecting the piping and 
having a closed system. Due to the shape of the E-stop (square) we were unable to obtain a drill 
large enough for the switch to be simply mounted on the front side of the board. Instead, we 
matched the diameter of the circular portion and put the E-stop through the board. However, this 
meant that we would need an open-back electrical encasing, as the same square dimension would 
be an issue. As these type of casing was not in the budget, we opted for a standard Electrical box 
(pictured below), and simply removed the front casing – making it the back surface in contact with 
the PVC panel. In doing this, we ensure that the whole system is finger safe, but for future 
maintenance requires some sort of clamp/hangar for the electrical box as it must be completely 
unfastened from the board but still remain close due to the capacitor being attached to the box, and 
the grounding system fastened to the same surface.  
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Figure 35: Junction box used for isolating high amperage wiring 
 
Figure 36: Intermediate method of propping electrical enclosure during assembly 
While maintenance convenience is not very high, the overall electrical design and finger-safety is 
assured through the junction box, and the flexible metal conduit routing each electrical component 
to the box, and grounded within using a set of fasteners to a grounding strip. The original power 
plug was kept, and because it has a built in safety fuse, as well as shielding, adds another layer of 
safety to the system.  
9.4 METROLOGY 
Our parameter measurements consist of 5 temperature, 4 pressure, and 1 flowrate reading from 
our respective measuring devices.  The thermocouple grid is a means to gauge the temperature of 
the air being fed into the evaporator by the fan located in the ducting (which acts as the simulated 
heat load that might be experienced in real world applications).  The grid consists of 4 
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thermocouple wires attached to a square layout of fisherman’s wire.  The fishing line is strong 
enough to resist breaking apart from the airstream in the duct.  The 4 thermocouple wires are 
twisted together to take a thermal average of the airflow.  This is intended to convey a more 
accurate reading than a single thermocouple wire could accomplish on its own.  Figure 37 shows 
how the fisherman's wire and thermocouples look inside the duct. 
 
 
Figure 37 - Simplified schematic of thermocouple grid inside the ducting.  There are 4 located at 
the intersections of the fishing line.    
 
 
   
Figure 38 – Outside feeding of the thermocouple wires to the measurement instrumentation.   
 
The pressure gauges have a rating on them of 1000 psi which greatly exceeds the expected ~500 
psi on the high side of the compressor.  Results for the test run of our experiment can be found in 
the subsequent section of our report.  We have found that the system requires some build up to 
allow the compressor to operate at full capacity so a 15 minute warm up is recommended to 
achieve accurate results.   
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Figure 39: The flowmeter (left) shown right gages flowrate of the R410a in its gaseous state.  The 
pressure gauge (middle) reads the pressure in psi as well as the corresponding temperature and 
the type T thermocouple probe (right) is inserted midstream of the re 
 
 
10. RESULTS OF EXPERIMENT 
As can be seen in Appendix G the ideal state of the original Frigidaire Air Conditioning unit was 
assumed and the refrigerant flow rate, air flow rate, and power required were all calculated. Since 
we initially hoped to achieve less than a 50% drop in overall performance from this optimized point 
from the factory piece of equipment, we were slightly disappointed with the initial result from our 
first test. As can be seen in Figure 40, the first test resulted in some poor overall results as well as 
lack of sub-cooling after the evaporator. 
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Figure 40: Figure of P-h diagram of EES simulation to compare the original air conditioning cycle to 
our data. 
After simulating the following state points based on the individual pressure and temperatures read 
from the experimental apparatus, the flow rate determined from the flowmeter, we calculated the 
new coefficient of performance based on these values – seen in Table 8. 
 
Table 8: Data Values associated with Figure 40, EES simulation 
 Ideal Data 
 Pressure (psi) Enthalpy (Btu/lbm) Pressure (psi) Enthalpy (Btu/lbm) 
State 1 157.3 186.4 160 189.2 
State 2 405.9 208.2 430 192.2 
State 3 405.9 115.1 405 118.3 
State 4 157.3 115.1 170 185.5 
EER 11.1 Btu/hr/Watt 4.4 Btu/hr/Watt 
 
As a reminder, our initial optimal EER rating from the Frigidaire unit was 11.1. The modified EER as 
a result of the addition of the new brazed piping, metrology devices, and valves resulted in just over 
a 60% decrease in efficiency. While this was not terribly surprising due to the amount of piping 
added especially, this value of performance can be adjusted by students during the experiment and 
the low value does not invalidate nor even affect the experimental advantage of the overall unit.  
For future experiments, it is ideal that the instructor determine a default position for the throttling 
valve and maintains some sort of methodology for how much students throttle in order to avoid 
potential over-throttling and system over-pressurization and/or premature shutdown.  
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11. CHALLENGES AND LESSONS LEARNED 
Over the course of this project process, our team faced a variety of challenges due in part to faulty 
components and in some cases our own negligence.  In the end, we came out with a greater 
appreciation for how to properly handle the components so as to not inhibit their usability. 
For instance, our first test came when disassembling the AC system to separate the major 
components from the housing.  When separating the condenser from the other components, the 
copper piping inlet snapped from excess bending moment forces rendering that section useless.  
We realized that copper is very malleable and especially susceptible to snapping particularly with 
the small diameter piping used for the AC system.  Our solution to the shut condenser inlet was to 
completely bypass the inlet coil and starting at a different coil thus forfeiting some performance to 
our condenser but not to drastically affect the intent of the experiment. 
Another challenge came in the form of sizing of the piping used by the manufacturer of the AC 
system.  We deduced that most of the components were specified in metric units whereas the 
piping and components we designed for called for English.  Our team came up with viable solutions 
to this conundrum to include scrapping the existing AC system and purchasing a new one, hiring a 
professional brazing specialist to braze on new compatible piping, or executing the second option 
ourselves.  From the direction of our advisor, we chose the second option and received help from a 
third party to help us braze new piping that would match our design components.  The third party 
provided these services free of charge. 
 
While the electrical wiring ended up successfully, the construction was difficult and inconvenient 
due to the junction box being flipped. This could be improved on a future iteration if the precise 
placement of components was fully laid out, and properly dimensioned and cut prior to the final 
layout.  
Our team ran into an issue with expanding the thermocouple transition fittings that would link the 
thermocouple probe to a compression tee.  The task required drilling a 1/16”hole (the smallest US 
standard size drill bit) to allow the probe enough clearance to fit properly.  The fitting is also 
stainless steel, a very difficult material to machine to begin with.  Using both a drill press and a 
lathe, our team on two occasions snapped the end of the drill bit and embedded it in the existing 
hole of the fitting causing a failure.  This was due in part to our inexperience with machining 
stainless (too fast penetration) and difficulty in achieving concentricity of the drill bit. Ultimately, 
Josh took the stainless steel fitting to a CNC machine that precisely accomplished the task of 
expanding the hole.   
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Figure 41: Finished experiment module complete with decal labeling, descriptive plaque, and 
convenient dry-erase compatible diagrams 
 
12.     CONCLUSION 
In summary, the vapor-compression cycle experiment incorporates a de-constructed AC unit which will 
have components re-ordered and laid-out in a planar fashion for ease of access and convenient interface. 
The added components to the system are a needle-type expansion valve, at least four methods of 
measuring temperature, four methods of measuring pressure, a refrigerant flow meter, sight glass, two 
charging valves, and enough ball valves to safely isolate each major component in the vapor compression 
cycle. The delivery method for the refrigerant between each component is pressure-rated copper piping in 
¼ in and 3/8 in diameter size. For the piping as well as the gauges, the rated-pressure is 1000 psi much 
exceeding the pressures we expect from the high side of the compressor. In order to add an artificial heat 
load to the system to simulate a hotter environment, ducting with an internal fan was used to route the 
rejected heat from the condenser to the evaporator inlet. The frame, panels, and rolling-mounts were 
purchased utilizing the company Tslots, which also included assembly hardware. Each component is 
fastened to one of six PVC panels which is in turn fastened to the aluminum Tslot frame. The entire 
assembly weighs under 200 lbs. and is no more than 6 feet wide, 6.5 feet tall, and 5 feet in depth. The 
final system was altered so that the final coefficient of performance is 60% less than the original window 
air conditioner that was bought.  
 
 
44 
 
 
Bibliography 
7520 & 7530 Series - Acrylic Tube Flowmeter. N.d. King Flowmeters. Web. 12 Nov. 2015. 
 
ASHRAE. ASHRAE Handbook 2010 Refrigeration. American Society of Heating, Refrigeration, and Air 
Conditioning Engineers, 2010. Print. 
 
Bromaghin, Angus, Sean Glasheen, Micah Johnson, and Sharon Oyao. Modular Experimental 
Refrigeration Laboratory (MERL 8000). Rep. N.p.: n.p., 2011. Print. 
 
Everbilt 6 In. X 8 Ft. Semi-Rigid Aluminum Duct- The Home Depot. N.d. The Home Depot. Web. 09 Nov. 
2015. 
 
Ideal Vapor Compression Refrigeration Cycle. N.d. Saylor Academy. Saylor Academy. Web. 3 Nov. 
2015. <http://www.saylor.org/site/wp-
content/uploads/2013/08/BolesLectureNotesThermodynamicsChapter10.pdf>. 
 
Incropera, Frank P., David P. Dewitt, Theodore L. Bergman, and Adrienne S. Lavine. Introduction to 
Heat Transfer. 6th ed. New York, NY: Wiley, 2007. Print. 
 
Inductor 4 In. In-Line Duct Fan-DB204 - The Home Depot. N.d. The Home Depot. Web. 08 Nov. 2015. 
 
Moran, Michael J., Howard N. Shapiro, Daisie D. Boettner, and Margaret B. Bailey. Fundamentals of 
Engineering Thermodynamics. 7th ed. Danvers, MA: Wiley, 2011. Print. 
 
Munson, Bruce R., Theodore H. Okiishi, Wade W. Huebsch, and Alric P. Rothmayer. Fundamentals of 
Fluid Mechanics. 7th ed. Hoboken, NJ: Wiley, 2013. Print. 
 
Schäfer, Thomas, Markus Schubert, and Uwe Hampel. "Temperature Grid Sensor for the Measurement of 
Spatial Temperature Distributions at Object Surfaces." Sensors (Basel, Switzerland). Molecular Diversity 
Preservation International (MDPI), 25 Jan. 2013. Web. 29 Oct. 2015. 
 
Siva Reddy, V., N. L. Panwar, and S. C. Kaushik. "Exergetic Analysis of a Vapour Compression 
Refrigeration System with R134am R143a, R152a, R404A, R407C, R410A, R502, and R507A." Clean 
Technologies and Environmental Policy 14.1 (2012): 47-53. Web. 6 Oct. 2015. 
 
Spectre Performance Air Intake Tube Adapters 9148. N.d. Summit Racing Equipment. Web. 08 Nov. 
2015. 
 
Temperature-Entropy Diagram. N.d. Wikipedia. Web. 12 Nov. 2015. 
 
Temperature Grid Sensor for the Measurement of Spatial Temperature Distributions at Object Surfaces. 
N.d. Sensors (Basel, Switzerland). By Thomas Schäfer, Markus Schubert, and Uwe Hampel. Web. 12 
Nov. 2015. 
 
 
45 
 
 
  
 
 
46 
 
 
List of Appendices 
 
Appendix A: Quality Function Deployment House of Quality 
Appendix B: Project Management Plan 
Appendix C: Hand Calculations for Failure Mode of Panels 
Appendix D: Hand Calculations for Size of Frame 
Appendix E: Hand Calculations for Deflection of Bottom Support Beam 
Appendix F: Hand Calculations for Inline Fan Support 
Appendix G: State determination and flowrate calculations, EES calculation code 
Appendix H: Bill of Materials 
Appendix I: List of Manufacturing Drawings and Vendor Specifications 
Appendix J: List of Testing Procedures 
Appendix K: Design Verification Plan and Results 
Appendix L: Apparatus Startup Procedure 
  
 
 
47 
 
 
Appendix A 
 
 
 
 
 
 
  
 
 
48 
 
 
Appendix B 
  
 
 
49 
 
 
Appendix C 
 
 
 
50 
 
 
Appendix D 
 
 
51 
 
 
 
Appendix E 
 
 
52 
 
 
 
  
 
 
53 
 
 
Appendix F 
 
 
 
 
 
54 
 
 
 
  
 
 
55 
 
 
Appendix G 
 
 
 
 
 
56 
 
 
EES Ver. 9.925: #0552: for use only by students and faculty, Mechanical Engineering, Dept. Cal Poly State University 
Given: 
Calculating max power required: 
EERbest = 11.1 [Btu/kWh] 
Qin,max = 5000 [Btu/hr] 
EERbest = 3.412 · b max 
Wc,max = Qin,max 
b max 
Qout,max = Qin,max + Wc,max 
Tcond = 114.8 [F] 
Tevap = 50 [F] 
T1 = 64.4 [F] 
T3 = 105.8 [F] 
P1 = P R410A , T = Tevap , x = 1 
P3 = P R410A , T = Tcond , x = 0 
h1 = h R410A , T = T1 , P = P1 
h3 = h R410A , T = T3 , P = P3 
h4 = h3 
Qin,max = mr · h1 – h4 
Wc,max = mr · h2 – h1 
T2 = T R410A , P = P3 , h = h2 
T4 = T R410A , P = P1 , h = h4 
P2 = P R410A , T = T2 , h = h2 
P4 = P R410A , T = T4 , h = h4 
mr = Vr · rr · 60 · 1 
7.48 
rr = r R410A , T = T3 , P = P3 
Tamb = 95 [F] 
Pamb = 14.7 [psia] 
cp,air = Cp Air , T = Tamb 
Qin,max = mair · cp,air · Thot,guess – Tcooled 
File:C:\Users\Tyler\Desktop\Winter 2016\Sr Project\AirflowCalcs.EES 1/19/2016 1:16:37 AM Page 2 
EES Ver. 9.925: #0552: for use only by students and faculty, Mechanical Engineering, Dept. Cal Poly State University 
mair = Vair,guess · rair · 60 
rair = r Air , T = Tamb , P = Pamb 
Vair,guess = 200 [cfm] 
Thot,guess = 100 [F] 
Qout,max = mair,cond · cp,air · Thot,guess – Tamb 
Vair,cond = mair,cond 
rair,hot · 60 
rair,hot = r Air , T = Thot,guess , P = Pamb 
SOLUTION 
Unit Settings: Eng F psia mass deg 
bmax = 3.253 [W/W] cp,air = 0.2401 [Btu/lbm-R] 
EERbest = 11.1 [Btu/kWh] h1 = 186.4 [Btu/lbm] 
h2 = 208.2 [Btu/lbm] h3 = 115.1 [Btu/lbm] 
h4 = 115.1 [Btu/lbm] mair = 858.4 [lbm/hr] 
mair,cond = 5446 [lbm/hr] mr = 70.19 [lbm/hr] 
P1 = 157.3 [psia] P2 = 405.9 [psia] 
P3 = 405.9 [psia] P4 = 157.3 [psia] 
Pamb = 14.7 [psia] Qin,max = 5000 [Btu/hr] 
Qout,max = 6537 [Btu/hr] rair = 0.07154 [lbm/ft3] 
rair,hot = 0.0709 [lbm/ft3] rr = 60.87 [lbm/ft3] 
T1 = 64.4 [F] T2 = 190.6 [F] 
T3 = 105.8 [F] T4 = 49.85 [F] 
Tamb = 95 [F] Tcond = 114.8 [F] 
Tcooled = 75.74 [F] Tevap = 50 [F] 
Thot,guess = 100 [F] Vair,cond = 1280 [cfm] 
Vair,guess = 200 [cfm] Vr = 0.1438 [gpm] 
Wc,max = 1537 [Btu/hr] 
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Appendix H 
Category  Item Description (Part #) Qty 
Cost/Unit 
($) 
Total 
Cost ($) 
T-slot 
Framing 
T-Slot, 10-Series, 1"x1" (266" required) (100) 1   - 
T-Slot, 10-Series, 1"x2" (260" required) (105) 1   - 
T-Slot, 10-Series 1"x1" 45 deg. Support (12" parts) 
(110) 
4 
  - 
3" Flange Mounted Swivel Casters w/Brakes (115) 4   - 
Flange Mounted Swivel Caster square plates (120) 4   - 
6 mm Square Yellow PVC Panels (125) 8   - 
Plastic Door Handles (130) 16   - 
4-hole corner bracket (135) 30   - 
2 whole joining plate (140) 60   - 
1 whole joining plate (145) 16   - 
Standard Fasteners (150) 64   - 
Compact Head Fasteners (155) 16   - 
1/4" Hex Nuts (160) 32   - 
Assembly Total Price (w/Discount) (165) - 1099.00 1099.00 
  
Plumbing 
1/4" Pressure-Rated Copper Tube (50 ft coil) (200) 1 27.60 27.60 
3/8" Pressure-Rated Copper Tube (50 ft coil) (205) 1 40.18 40.18 
.25" Tee (210) 11 13.27 145.97 
.375 Tee (211) 3 16.28 48.84 
.25" Elbows (220) 7 9.12 63.84 
.375" Elbows (221) 2 11.13 22.26 
.25" Ball Valves (230) 6 62.71 376.26 
.375" Ball Valves (231) 1 82.94 82.94 
5/16" to .25" Reducers (240) 1 6.33 6.33 
3/8" to .25" Reducers (241) 3 7.47 22.41 
.25" Straight Fitting (250) 3 4.97 14.91 
.375" Straight Fitting (251) 1 6.85 6.85 
.25" Straight Fitting to 1/8" NPT Fitting (260) 4 5.16 20.64 
1/4" Tube Charging Port Extension (270) 1 15.79 15.79 
1/4" Parker Brass Needle Valve (280) 1 38.96 38.96 
Frigidaire Air Conditioner Unit (290) 1 129.00 129.00 
  
Vapor 
Compression 
Metrology 
Components 
 
 
 
 
Thermocouples (100 ft) (300) 1 40.00 40.00 
Thermocouple Probes (305) 4 30.00 120.00 
Thermocouple Paste (310) 1 15.00 15.00 
Thermocouple 3/8" Brass Tube Fitting (315) 4 10.00 40.00 
Thermocouple 3/8" SS Tube Fitting (320) 4 2.00 8.00 
Thermocouple 3/8" Male-Male Flared Tube Fitting 
(325) 
4 5.00 20.00 
Thermocouple 1/4" - 1/8" SS Female Adapter 
(330) 
4 5.00 20.00 
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Hedland High Pressure Rotameter (335) 1 255.00 255.00 
Pressure Gauges (340) 4 17.00 68.00 
Fluid Sight Glass (345) 1 26.57 26.57 
  
Electronic 
Components 
Voltmeter/Ammeter (400) 1 9.00 9.00 
Emergency Stop Switch (405) 1 9.00 9.00 
High Pressure System Cut-Out Switch (410) 
1 
21.80 21.80 
18-AWG Wire, (Black, Blue, Red, Green, Yellow, 
White) - 25' each (415) 
1 26.40 
26.40 
NEMA Enclosure (425) 1 28.44 28.44 
Steel Handy Box (430) 1 2.99 2.99 
PVC Gang Box (435) 2 3.99 7.98 
  
Heat Load 
Components 
In-Line Ducting Fan (500) 1 44.35 44.35 
10" 90 Degree Rigid Ducting Bend (505) 
2 10.00 20.00 
36" x 36" x .019" Aluminum Sheet Metal (510) 
1 8.18 8.18 
Sheet Metal Ducting Connecting Collar (515) 
2 8.30 16.60 
Square-Round Duct Adapter (520) 2 47.00 94.00 
Aluminum Foil Duct Tape (525) 1 8.00 8.00 
  
Prototyping 
Materials OSB Board (600) 
2.00 
6.00 12.00 
  
Miscellaneous 
Parts 
Heat Exchanger Fin-Comb (700) 1 9.00 9.00 
Galvanized Steel Hangar Strap (705) 2 2.97 5.94 
Polycarbonate Sheet (710) 1 16.00 16.00 
Clear Sticker Paper (715) 1 8.00 8.00 
11”x17” Folder (720) 1 1.50 1.50 
Nuts, Bolts, Washers, Brackets, Adhesive, and 
Misc. Hardware 
1 170.00 170.00 
Overhead & Shipping Charges     150.00 
Total 3329.44 
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Product Type 
5,000 BTU Window 
Room Air 
Conditioner 
AC Side Slide-Out Fan Auto No 
Power Type Electric Filter Access 2 Fan Speeds - Cool 2 
Size N/A 
Fan Speed - 
Fan - General 
Yes Air CFM (High) 136 
Installation Type Window Mounted 
Cabinet 
Louvers 
Pleated Quick 
Mount 
Motor RPM 
(High) 
1530 
Color White 
Window 
Mounting Kit 
No 
Motor RPM 
(Low) 
1310 
Combined Energy 
Efficiency Ratio 
11.0 
Clean Air 
Ionizer 
No Air CFM (Low) 111 
Energy Saver No Remote 
Control 
56.5 Rear Grill No 
Noise Level dB 
(Low) 
51.3 Noise Level dB 
(High) 
Yes Exhaust Vent No 
24-Hour On/Off 
Timer 
No Low Voltage 
Start-up 
Side Slide-Out Vents Closed Yes 
Filter Type Anti-Bacterial 
Mesh 
Noise Level dB 
(Med) 
2 Slide-Out Chassis No 
 
 
 
 
 
 
 
 
Air Direction 2-Way Cabinet Depth  Control Location Bottom Left Side 
PART NUMBER: 290 
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Control (w/ Front) 
Fresh Air No 
Cabinet Depth 
(w/ Front) 
 Sleep Mode No 
Filter Check No Performance  Control Type Mechanical 
Charge - ozs 10.58 
Cool Area (Sq. 
Ft.) 
150 
Dimensions: 
Exterior 
 
Air Cool Function 
 
Energy 
Efficiency 
Ratio 
11.1 Control Location Bottom Left Side 
DOE 2007 kWh 
Cost  
Dehumidificati
on - Pints/Hr 
1.1 Sleep Mode No 
Electrical 
Specifications 
 Performance 
Certification 
AHAM 
Plug Type LCDI 5-15P BTU (Cool) 5000 
Amps (Cool) 4 Exterior  
Horsepower 
(Cool) 
0.61 Dealer Front  
Power Cord 
Length 
6' (6-1/2') 
Dealer Front 
Material 
 
Watts (Cool) 450 Overlay Type  
Voltage Rating 115V 60Hz 
Certifications 
& Approvals 
 
General 
Specifications 
 ENERGY 
STAR® 
Certified 
No 
Warranty 
1 Year Full/5 Year 
Sealed System 
Safety 
Certification 
UL/CUL 
(SA11087) 
Annual Cost(.12 / 
kWH) 
41 CSA Listed No 
Window Height 13" ETL Listed No 
Shipping Weight 
(lbs) 
48 
ADA 
Compliant - All 
Brands 
No 
Annual 
Cost(.1065 / 
kWH) 
 
NSF® Certified No 
Product Weight 
(lbs) 
41 UL Listed Yes 
Window Width 23" - 36" Carton  
Refrigerant R410a Carton Height 15" 
Filter Type 
 
Carton Width 18-1/16" 
Reconditioned No Carton Depth 17" 
Stuff Quantity 
 
Carton Type  
BrandFamilyFrigi
daire 
Yes 
Exterior 
Dimensions 
 
Yearly Operating 
Cost  
Depth 15-1/4" 
ProductLaunch NA Height 12" 
Stack Height 
 
Width 16" 
Controls    
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Part 320 
 
PART NUMBER 300 
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PART NUMBER 
305 
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Part 330 
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PART NUMBER: 335 
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PART NUMBER: 340 
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PART NUMBER: 500 
PART NUMBER: 425 
 
 
92 
 
 
 
 
 
PART NUMBER: 505 
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PART NUMBER: 510 
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PART NUMBER: (415) 
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PART NUMBER: (425) 
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PART NUMBER: (430) 
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  PART NUMBER: (435) 
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PART NUMBER: 515 
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PART NUMBER: 520 
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PART NUMBER: 525 
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PART NUMBER: 700 
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PART NUMBER: 705 
 
 
105 
 
 
 
  
PART NUMBER: 710 
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PART NUMBER: 715 
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PART NUMBER: 720 
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Appendix J 
 
Test1: Design dimension compatibility verification 
Team Member Responsible: Tyler Eschenbach 
Equipment/materials required:  
 Foam core 
 Tape  
 Pins 
 ScissorsProcess: 
1. Construct a scale model of the longest portions of the designed frames that may be 
considered problematic dimensionally – For us it was the legs of our frame. 
2. Take model through all doorways from assembly area to laboratory setting 
3. Modify dimensions if model did not fit in order to allow full transmittal of experiment 
4. Repeat and verify for modified dimensions (if applicable) 
 
Notes: This test was conducted on December 3rd, 2015 and successfully passed on the first iteration. 
The 1:1 scale model of the frame legs had no difficulty exiting the assembly closet, passing through 
the elevator doors, and proceeding through the laboratory entrance.  
 
 
 
 
 
Test 2: Panel mounting-viability 
Team Member Responsible: Josh Baida 
Equipment/materials required: Slim wooden panels 
 Hacksaw 
 Jigsaw 
 String 
 Tape 
 Measuring Tape 
 Disassembled AC components 
Process: 
1. Cut wooden paneling to equal dimensions of purchased PVC paneling using jigsaw and/or 
hacksaw 
2. Once paneling is of equal area, use string and tape to lay out proposed copper tubing 
arrangement, and lay components out  
3. Alter arrangement based on practicality (if applicable) 
4. Use saw to cut out slots in the panels for components once final layout is determined 
5. Ensure fixturing method for each component is viable on wood 
6. Once the layout and fixturing methods are verified as viable, take measurements for final 
layout on PVC panels 
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Test 3: Leak Test 
Team Member Responsible: Ellie Hallner 
Equipment/materials required: 
 Nitrogen tank 
 Gas tank transfer hose 
 Soap 
 Water 
Process: 
1. Connect nitrogen tank to charging valve on experimental setup 
2. Charge the system with Nitrogen to a pressure of 10 psig 
3. Listen for any audible indication of a leak, view pressure gauges for drop in pressure  
pointing to a leak of gas. 
4. Apply soap to each fitting and incrementally increase pressure in the system, listening,  
observing any soap bubbling, and viewing gauges for leak indications, until a pressure of  
roughly 100 psig is attained. 
5. If still no indication of leakage, leave system for 24 hours 
6. Upon returning, verify soap bubbles have not formed and there has been no significant  
pressure drop 
7. If at any point in the process there is a leak, tighten/repair/replace fitting or portion of  
piping. Start process over 
8. If system passes step 5, discharge Nitrogen and enlist the assistance of campus Facilities to  
charge the system with R410a refrigerant. 
 
Vapor Compression Performance Test 
Team Member Responsible: Tyler Eschenbach 
Equipment/material/personnel required:  
 EES software 
 Thermocouple DAQ system 
 Sponsor – Dr. Peuker 
 Airflow hood 
 Humidity gage 
Process: 
1. Turn system on by twisting control toggle to “high cool, high fan”* 
2. Observe pressure and temperatures during warm up of system, prepare to hit emergency 
stop if pressure (450 psi<) or temperature (180 °F<) builds too high 
3. Should system pressure or temperature build too high, adjust as follows: 
 Increase the orifice opening on the needle valve (throttling device) to enable a lower 
high side pressure 
 If this does not significantly reduce the pressure to the system, alter the heat loading 
method by introducing slight leak into ducting. This will lessen the amount of cooling 
the evaporator has to achieve, and should cause system can equilibrate 
4. Once system reaches (relatively) steady state (i.e temperatures and pressures have begun 
to stabilize, flowrate has low visible oscillation), take flow measurement reading off the 
Hedland flow meter, temperatures and pressures at each of the 4 states using the DAQ and 
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implanted pressure gages, respectively. Current and Voltage draw of the compressor will 
also be noted and recorded to calculate power draw. 
5. Using EES software and same analysis methods found in Appendix G, calculate the 
Coefficient of Performance of experimental setup, and check agreement with desired value 
of 0.5COPAC unit.  
6. If COPexperimental is slightly below this value, attribute to difference between idealized 
assumptions and experimental realities 
7. Should COPexperimental be severely less than 0.5COPAC unit, adjust the opening of the throttling 
valve to find the optimal performance region 
8. Upon successful achievement of COP, conduct additional runs of experiment with different 
orifice openings, heat loading situations, and document state temperatures, pressures, and 
flowrates for reference and COP calculations 
9. Develop COP trends based on throttling valve % opening and system performance based on 
temperatures and pressures 
10. Finally, select students to conduct practice runs of experiment – utilize feedback to 
potentially improve experimental procedures  
 
 
111 
 
 
Appendix K 
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Appendix L 
Startup Procedure: 
 Ensure apparatus is plugged in 
 Before flipping the toggle switch to on position, ensure that the manual emergency stop 
button is depressed, as this ensures the connection is closed (if manual shutoff is necessary, 
twist the manual switch in the direction indicated by the arrows on the button to sever 
electrical delivery to the compressor) 
 Step through the entire piping network and confirm that all* ball valves are opened, as they 
should appear in the position shown below: 
 
Open valve position for Swagelok Ball Valves 
*The one ball valve that should remain shut unless experimentally or instructor dictated, is 
the Flowmeter bypass valve, which is clearly marked with the default position to be closed. 
 After ensuring all ball valves are in the correct opening level, verify that the throttling 
device is in the desired position (instructor determined) 
 Finally, verify that each pressure gauge reads the same pressure within 5-10 psi. Something 
higher than this could indicate isolation, a ball valve shut, or a leak and should be noted. 
 After inspecting all portions, first toggle the unit to the Fan-On position to ensure that the 
fan runs. Once there is physical airflow felt at the evaporator outlet (or conversely can 
verify by holding a sheet of paper against the condenser and there should be sufficient 
suction to suck the paper against it without support), then students may toggle the 
apparatus to ON 
 When completed running the experiment, toggle back to Fan-On for 2-3 minutes before 
completely cutting power to the system 
 If at any time during the experiment, the high side pressure climbs above 500 psi, take 
special care as the High-Side safety measures will cause the system to lose power at 600 psi, 
and manual shutoff should occur before this is allowed to happen.  
 
